Summary.-Lymph-node cells of (AKR x C3H) F1 leukaemic mice showed a considerable increase of glycolytic activity and 02 consumption. The glycolytic enzymes phosphofructokinase, pyruvate kinase, aldolase and lactic acid dehydrogenase showed increased activities in leukaemic conditions. Studies on permeabilized leukaemic and normal lymph-node cells, and assays on partially purified phosphofructokinase and pyruvate kinase enzymes, revealed that the enhanced glycolysis of the tumour cells was due to the predominance of glycolytic isoenzymes relatively insensitive to the natural metabolic inhibitors. The glycolytic enzyme hexokinase showed decreased activity in leukaemic conditions, owing to a subcellular translocation of its bulk from the cytosol to the mitochondrial fraction. Association of hexokinase with the mitochondria accounted for an ATPase-like stimulatory action on cell respiration which can explain the increased 02 uptake of leukaemic cells.
REGULATION OF GLYCOLYSIS AND OXYGEN CONSUMPTION IN LYMPH-NODE CELLS OF NORMAL AND LEUKAEMIC MICE
Summary.-Lymph-node cells of (AKR x C3H) F1 leukaemic mice showed a considerable increase of glycolytic activity and 02 consumption. The glycolytic enzymes phosphofructokinase, pyruvate kinase, aldolase and lactic acid dehydrogenase showed increased activities in leukaemic conditions. Studies on permeabilized leukaemic and normal lymph-node cells, and assays on partially purified phosphofructokinase and pyruvate kinase enzymes, revealed that the enhanced glycolysis of the tumour cells was due to the predominance of glycolytic isoenzymes relatively insensitive to the natural metabolic inhibitors. The glycolytic enzyme hexokinase showed decreased activity in leukaemic conditions, owing to a subcellular translocation of its bulk from the cytosol to the mitochondrial fraction. Association of hexokinase with the mitochondria accounted for an ATPase-like stimulatory action on cell respiration which can explain the increased 02 uptake of leukaemic cells.
THE INCREASED glycolytic activity of tumour cells has been attributed to defective cellular respiration (Warburg, 1926) , to the presence of foetal-type pyruvate kinase isoenzyme, and to an increased transport of glycose in such cells (Weinhouse, 1976) . Lengle et al. (1978) have postulated that a citrate-insensitive phosphofructokinase enzyme was responsible for the enhancement of glycolysis in spontaneous thymoma of AKR mice.
Previous work in this institute has demonstrated that 02 consumption and aerobic lactic acid production were increased in the thymus, in the spleen and in the mesenteric lymph nodes of AKR: LATIxC3H/He-mg: LATI/F1 mice after cellular transplantation of generalized Gross Lengle et al. (1978) from the mesenteric lymph nodes of recipient mice killed by cervical dislocation between Days 1 and 8 after the transplantation.
The 02 consumption of intact cells was measured manometrically (Umbreit et al., 1964) in the presence of endogenous and exogenous 10mM glucose.
For enzyme assays the cells were homogenized, centrifuged at 18,000 g for 30 min at 4°C, and the supernatant tested for the following enzyme activities: hexokinase (Dhexose-6-phosphotransferase, EC 2.7.1. 1, Heumann et al., 1974) , phosphofructokinase (D -fructose -6 -phosphate -1 -phosphotrans -ferase, EC 2.7.1.11, Kemp, 1975) , pyruvate kinase (pyruvate phosphotransferase, EC 2.7.1.40. Gutmann & Bernt, 1974) , aldolase (D-fructose -1.6 -diphosphate: D-glycerinaldehyde-3-phosphate lyase, EC 4.1.2.13, Lengle et al., 1978) and lactic acid dehydrogenase (L-lactate:NAD+-oxydoreductase, EC 1.1.1.27, Lengle et al., 1978) . The protein content was determined by the Lowry method.
In a third experimental series, the cells were permeabilized as proposed by Gosalvez et al. (1978) to facilitate the study of the intracellular processes. Appropriate co-factors were added to followN up the changes of aerobic glycolysis. Lactic acid production was determined enzymatically. The intracellular concentration of ATP, ADP, FDP and citrate was also determined enzymatically (Bergmeyer, 1974 Student's two-sample t test was used for statistical evaluation of the results.
RESULTS
Comparison of the 02 consumption and lactic acid production of normal and leukaemic lymph-node cells (Table I) revealed that the latter took up twice as much 02 as the former, developed a 20% Crabtree effect, and shoWfed a considerable increase of lactic acid production in both aerobic and anaerobic conditions, but displayed a markedly reduced Pasteur effect.
To identify the cause of the metabolic changes, the activity alterations of the 5 glycolytic enzymes were followed for 8 consecutive days after transplantation (Table II) .
Four of the 5 glycolytic enzymes, namely phosphofructokinase, pyruvate kinase, aldolase and lactic acid dehydrogenase, showed increased activity, while (contrary to expectation) hexokinase show- (Table III) . Both citrate and ATP depressed considerably the lactic acid production of the normal cells, but the inhibitory effect was reversible with GDP and Pi
Inhibition was much less in leukaemic cells, as substantiated also by kinetic studies of partially purified enzymes. (Table IV) . In addition to our kinetic studies, the intracellular concentrations of some metabolites have also been measured. It has been observed that the concentrations of ATP and FDP increased in leukaemic cells, whilst the concentration of ADP was diminished, and the citrate content was unaltered. (Table V) Comparisons of the hexokinase activities associated with the nuclear, mitochondrial, microsomal and cytosol fractions revealed that the activity decrease after transplantation was in fact due to an alteration of the subcellular distribution of the enzyme; 63% of it was moved to the mitochondrial fraction in leukaemic conditions (Table VI) .
DISCUSSION
It is known that glycolysis is controlled by phosphofructokinase (Krebs, 1972) and pyruvate kinase (Gosalvez et al., 1975) . Lengle et al., (1978) have postulated that glycolytic isoenzymes insensitive to natural inhibitors are predominantly in tumour cells. This hypothesis has been confirmed by our experimental observation that the phosphofructokinase (PFK) and pyruvate kinase of murine lymphnode cells were less sensitive to citrate and ATP respectively in leukaemic than in normal conditions. It appears that the increased glycolytic acrivity of tumour cells is due to the presence of glycolytic isoenzymes which are partly insensitive to regulation.
Although the ATP concentration of the leukaemic cells increases with raised energy output, this phenomenon does not however decrease the pyruvate kinase activity, since the latter may be inhibited by an increased FDP concentration. Whilst the citrate concentration is unaltered, the PFK activity in leukaemic cells is relatively insensitive to the inhibiting effect of citrate. This is due to the effect of other effectors or to the change in the isozyme structure.
Surprisingly, the activity of hexokinase was decreased rather than increased 55 (Weber, 1977) in leukaemic cells. We showed that the phenomenon was due to the altered subcellular distribution of the enzyme (i.e. to its translocation from the cytosol to the mitochondrial fraction of tumour cells). Since, according to Ibsen et al., (1958) and Thompson and Bachelard (1977) the mitochondrionbound hexokinase develops an ATPaselike stimulatory action on cell respiration through activation of the intramitochondrial ATP, the subcellular translocation of hexokinase could explain the increased 02 consumption of leukaemic cells.
